Abstract This work provides new insight and evidence that challenges and extends the accepted view of the oxidation behaviour of Kovar (ASTM-15). Specimens of 2 mm diameter Kovar wire were oxidised in air at 700 or 800°C for 10 min. The resulting oxide layers were analysed by X-ray diffraction, X-ray photoelectron spectroscopy, scanning electron microscopy with energy-dispersive X-ray spectroscopy, scanning transmission electron microscopy and Raman spectroscopy. Oxide layers of approximately 2 and 4 lm thickness were formed at 700 and 800°C, respectively. These were found to contain iron, cobalt and traces of nickel. The combination of analysis techniques revealed that the oxide contains Fe 2 O 3 in addition to (Fe, Co, Ni) 3 O 4 , a spinel oxide, in contrast to the combinations of Fe 3 O 4 , Fe 2 O 3 and FeO that are typically reported. The oxide layer was found to be complex, consisting of multiple layers with different compositions, which is overlooked in the existing literature.
Introduction
The alloy Kovar, ASMT-15 (Fe-29 wt% Ni-17 wt% Co), is widely used in glassto-metal sealing because of its electrical properties and in particular its thermal expansion, which closely matches frequently used borosilicate glasses [1] . It has been common practice, for more than 60 years, to pre-oxidise Kovar prior to sealing foils were prepared using an FEI Nova Nanolab dual-beam FIB; standard lift out techniques were used.
Glancing incidence XRD (GIXRD) was performed using a PANalytical X'Pert Pro X-ray diffractometer with a Cu Ka source.
X-ray photoelectron spectroscopy (XPS) was performed using a Thermo Scientific Theta Probe spectrometer, with a monochromated Al Ka X-ray source with a photon energy of 1486.68 eV. Samples were analysed with 400-lm-diameter beams and a beam power of 300 W. Survey spectra and high-resolution spectra were acquired using pass energies of 300 eV and 50 eV, respectively. All spectra were referenced to the aliphatic C 1s photoelectron peak at 285.0 eV.
Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) of the surfaces and cross sections were performed using a JEOL JSM-7100F with a Thermo Scientific Ultradry EDX detector. SEM and EDX were performed using a primary beam energy of 15 keV, a sample current of 27 nA and a working distance of 10 mm. The detector deadtime was typically 40-50% during analysis. EDX spectral imaging was performed to generate 256 9 192 pixel images, and the total live time was approximately 40 min, producing a maximum count per pixel of between 500 and 1500 counts.
Scanning transmission electron microscopy (STEM) was performed using a Hitachi HD-2300A ultrathin film evaluation system, a dedicated STEM. Analysis was performed using a 200 kV beam. EDX data were acquired with an EDAX silicon drift detector with a collection area of 10 mm 2 . Raman spectroscopy was performed using a Renishaw Systems 2000 Raman Microscope equipped with a 20-mW, 514-nm argon ion laser. The standard operating power was reduced by 50% in order to reduce the chance of sample damage. Spectra were acquired using the Renishaw WiRE software, over a range of 2000-150 cm -1 . Each spectrum was acquired for five 30-second periods, per site, and combined to give average spectra.
Results and Discussion
Initially, the wires were examined visually and with SEM, to assess the adherence of the oxide, then mounted and cross-sectioned to measure the oxide thickness by SEM. The surface morphologies of the oxides on the plate and wire samples differ, as shown in Figs. 1 and 2. Whiskers were observed on the wires oxidised at both 700 and 800°C, as shown in Fig. 2 . These are likely to arise because of compressive stresses generated in the growing oxide. Analysis by EDX showed that the whiskers were similar in composition to the surface of the oxide. They are unlikely to play a significant role in the glass-to-metal sealing process as they constitute only a small proportion of the surface oxide and will tend to be removed when glass is packed around the pin prior to sealing.
The oxide thicknesses on the wires were measured as approximately (2.1 ± 0.6) and (4.0 ± 0.2) lm, for the 700 and 800°C oxides, respectively. These oxide thicknesses are at the lower end, or below, that is generally recommended for glassto-metal sealing with Kovar [3, 8, 11, 14, 15] , yet the oxides formed at 800°C still show signs of poor adherence. The oxide on the 800°C wire was easily dislodged if the sample was not treated with great care, whilst the 700°C oxide could not be removed when the surface was abraded with a stainless steel scalpel, indicating better adherence. Spalling is observed in micrographs of the surface (Fig. 3) and in cross sections of wires mounted in resin (Fig. 4) . Spalling is a result of the stresses built up in the oxide during growth.
Further characterisation of the Kovar wires was performed with XRD, since it is the standard approach used in the literature. XRD provided evidence of the presence of Fe 2 O 3 and a spinel phase such as Fe 3 O 4 . As the wires are both rough and have a small radius, the XRD data acquired from them had a poor signal-to-noise ratio. As a result, it was decided to perform XRD on some flat polished Kovar plates, which provided improved XRD data. An example diffractogram is shown in Fig. 5 Table 1 . The depth of analysis for XRD is greater than the about 6 nm analysed by XPS, so it should not be assumed that Fe 2 O 3 cannot exist deeper in the oxide. The surface of the samples was covered with a significant amount of adventitious hydrocarbon contamination. As such, a correction was performed to provide an estimation for the elemental concentrations without the contamination, following a method from the literature [16] . The results from this correction result in concentrations of 17.8, 13.9 and 2.8 at.% for 700°C, and 18.2, 9.8 and 1.0 at.% for 800°C for Fe, Co and Ni, respectively. It should be noted that prior to correction, the nickel concentration was \0.5 at.%, considerably lower than the other two elements, resulting in the greatest error. A detailed evaluation of XPS spectra from Kovar plates, analysed using monochromated aluminium and achromatic magnesium X-ray sources, can be found elsewhere [17] .
EDX analysis, including point spectra, line scans and elemental maps, was performed on polished cross sections of the oxides. The results showed a significant amount of cobalt and a small amount of nickel in the oxide layer. This is consistent There is significant overlap of the iron, nickel and cobalt Ka X-ray peaks in the EDX spectra of Kovar and its oxides reducing confidence in the EDX data. To mitigate this, phase analysis was performed using Thermo Scientific's COMPASS software. COMPASS data sets consist of full spectra at each pixel, rather than examining the number of counts in a predetermined region of interest assigned to an element. This ensures that there is no user bias in selecting elements and produces a probability map of identified components. COMPASS can spatially separate components with significant peak overlap and produce spectra for each component which can be quantified and compared with the other areas of the map. Wavelengthdispersive X-ray spectroscopy (WDX) is able to reduce the full width half maximum of the metal X-ray peaks to such an extent that the peaks no longer overlap in energy. As such, WDX mapping was also performed for iron, nickel, cobalt and oxygen to have complete confidence in their spatial distribution throughout the oxide layer. Although quantification of the WDX data was not performed, raw count maps agreed with the results from COMPASS, showing that there is an enrichment of cobalt at the surface of the oxide layer. Maps produced by COMPASS are shown for the 700 and 800°C oxide layer in Figs. 8 and 9 , respectively, and the resulting quantification from the maps is shown in Tables 2 and 3 . They show that there is an enrichment of cobalt at the surface of Fig. 8 a SEM micrograph of a cross section through the oxide formed on Kovar when oxidised at 700°C for 10 min and b EDX map of the same site analysed by COMPASS to give quantifiable phase maps. The grey area at the top of the micrograph is the mounting material Fig. 9 a SEM micrograph of a cross section through the oxide formed on Kovar when oxidised at 800°C for 10 min. b EDX map of the same site analysed COMPASS to give quantifiable phase maps. The grey area at the top of the micrograph is the mounting material Table 2 Quantification data for the phases shown in Fig. 8 Totals do not add to 100% because of a combination of rounding and some contaminants that are not included the oxide layers formed at both 700 and 800°C with this region containing [10 at.% cobalt and little or no nickel. Below this, there is a layer which contains almost exclusively iron and oxygen, with \1 at.% nickel and no cobalt. This strongly indicates that the oxide layer is formed of more than one oxide. This layered morphology not only is consistent with the COMPASS analysis but is also observable in the SEM micrographs, with the top cobalt-rich layer being the most visible.
The degree of cobalt enrichment in the top layer seems to be greater in the oxide formed at 800°C compared with the oxide formed at 700°C. Additionally, the width of the iron-rich layer below it is larger. However, the oxides seem to have similar structure and elemental composition within the individual layers.
All of the oxides have a high metal (Fe, Co, Ni)-to-oxygen ratio (0.7-0.9) according to the COMPASS and EDX maps indicating that they are most likely to be (Fe, Co, Ni) 3 O 4 rather than Fe 2 O 3 , FeO or CoO. However, it is expected that the oxygen will be under-accounted for in the quantification because the samples were gold-coated. This was necessary because even with carbon coating, there were signs Table 3 Quantification data for the phases shown in Fig. 9 Totals do not add to 100% because of a combination of rounding and some contaminants that are not included of charging, leading to drift, which was unacceptable as it was necessary to acquire maps for more than a few minutes. The iron-depleted region shown in the COMPASS maps is porous and, where grain boundaries are present, the porosity extends into the bulk metal along grain boundaries, as shown in Fig. 10 . This is in agreement with the existing literature [6, 10, 18, 19] . If the Kovar is to be used in a glass-to-metal seal, then the porosity may allow the molten glass to penetrate the metal leading to increased mechanical keying, improving the bond strength. The layered structure was confirmed by STEM, which has a much higher spatial resolution than the other techniques used. EDX maps shown in Fig. 11 show that the top layer of the oxide is enriched in cobalt, containing approximately 15 at.% cobalt and no nickel; the layer below contains only iron and oxygen; the third layer contains iron, cobalt and oxygen; and the fourth layer also contains nickel.
The final technique used to characterise the oxide layer was Raman spectroscopy. This has previously been used to analyse (Fe, Ni, Co) 3 O 4 in nanoparticles [20, 22] , thin films [23] , and has been used to analyse corrosion of iron and steel [24] [25] [26] . However, it appears that Raman spectroscopy has not been used previously to characterise the oxide grown during the oxidation of Kovar.
Whilst the Raman spectra from Raman spectra from Kovar pins oxidised at 700 and 800°C are shown in Fig. 12 . The spectra contain the characteristic peaks at about 470 and 695 cm -1 that are present in the CoFe 2 O 4 spectrum. The other peaks in the observed spectrum can be attributed to the Fe 2 O 3 Raman spectrum.
The spectra for the oxide formed at 700 and 800°C show many similarities but are not identical. Some peaks that are associated with Fe 2 O 3 are absent in the spectrum from the 800°C oxide that are present in the 700°C spectrum. This may be because the top layer of the oxide [thought to be (Co, Fe) 3 O 4 ] is thicker in the oxide formed at 800°C as compared with that formed at 700°C. Fig. 12 Raman spectra from Kovar pins oxidised at 700 and 800°C overlayed with spectra from Fe 2 O 3 [21] and CoFe 2 O 4 [22] Oxid
The peaks at 224, 411 and 295 cm -1 (which are expected in the CoFe 2 O 4 spectrum) are diminished in the 800°C spectrum as compared to the 700°C spectrum. In the 600-700 cm -1 region, there are a number of peaks; there is expected to be a shoulder at 624 cm -1 on the 695 cm -1 CoFe 2 O 4 peak but also a Fe 2 O 3 peak at 614 cm -1 ; determining whether features in the experimental spectra belong to the CoFe 3 O 4 or Fe 2 O 3 spectra in this region is problematic. The peak at 500 cm -1 , associated with the Fe 2 O 3 spectrum, does not appear in the 700 cm -1 but appears as a small shoulder in the 800°C spectrum.
The oxide layer that forms on Kovar when it is heated in air for 10 min at either 700 or 800°C appears to be composed of the same phases; the oxide layer grown at 800°C was thicker than the oxide layer grown at 700°C ((4.0 ± 0.2) and (2.1 ± 0.6) lm thick), respectively. The oxide has a layered structure which appears to consist of (Co, Fe, Ni) 3 O 4 with varying Fe:Co:Ni ratios and Fe 2 O 3 . A schematic diagram of the oxide structure is shown in Fig. 13 . Fig. 13 The proposed structure of the oxide, with approximate thicknesses for the oxide grown at 700°C
Summary and Conclusions
The oxide formed on Kovar oxidised in air at 700 and 800°C has been analysed and shown to be comprised of a layered structure with several different oxides, some of which have been previously overlooked in the literature. The top layer can be analysed by all of the techniques available in this study (XRD, XPS, SEM, STEM, Raman). Considering the evidence from all of the complementary techniques, it appears that this layer is (Fe, Co) 3 [26] , it is not surprising that this layer contains no cobalt.
The third layer can be analysed by SEM and STEM (including EDX and WDX). EDX, WDX and COMPASS maps all show that it contains both iron and cobalt, and oxygen, but no nickel. It is thought to be a (Fe, Co) 3 O 4 spinel with varying cobalt content.
This fourth can also be analysed by SEM and STEM (including EDX and WDX). EDX, WDX and COMPASS maps all show that the composition appears very similar to the layer above it, but with the addition of around 3 at.% nickel. It is thought to be a (Fe, Co, Ni) 3 O 4 spinel with varying cobalt and nickel content.
There is a region below the oxide that is depleted in iron and enriched in nickel and to a lesser extent cobalt. This is in agreement with the literature and is an expected result of the high iron content of the oxide layer (since the iron has diffused away from this region and into the oxide layer). The composition of this layer is approximately 45-50 at.% Ni, 25-30 at.% Fe and 20-25 at.% Co. Below the iron-depleted region is bulk Kovar. This proposed structure is consistent with all of the experimental data and was observed on multiple samples, but is in disagreement with the previous literature.
Much of the literature on Kovar oxidation does not refer to the presence of cobalt in the oxide layer, probably as a result of an over-reliance on XRD for identification of the oxide. The presence of cobalt is important given the need in glass-to-metal sealing applications for the oxide layer to improve wetting and to dissolve into the glass. The oxide layer usually dissolves into the glass, and so the composition of the oxide will significantly affect the properties of the glass after sealing. For example, FeO is a network modifier and undesirable in the oxide formed for glass-to-metal sealing. The structure and properties of a sealing glass may be altered by the addition of cobalt from the dissolved oxide Kovar.
